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013.07.0Abstract In outdoor environments, GPS is often used for pedestrian navigation by utilizing its sig-
nals for position computation, but in indoor or semi-obstructed environments, GPS signals are
often unavailable. Therefore, pedestrian navigation for these environments should be realized by
the integration of GPS and inertial navigation system (INS). However, the lowcost INS could
induce errors that may result in a large position drift. The problem can be minimized by mounting
the sensors on the pedestrian’s foot, using zero velocity update (ZUPT) method with the standard
navigation algorithm to restrict the error growth. However, heading drift still remains despite using
ZUPT measurements since the heading error is unobservable. Also, foot mounted INS suffers from
the initialization ambiguity of position and heading from GPS. In this paper, a novel algorithm is
developed to mitigate the heading drift problem when using ZUPT. The method uses building lay-
out to aid the heading measurement in Kalman ﬁlter, and it could also be combined for the initial-
ization. The algorithm has been investigated with real ﬁeld trials using the low cost Microstrain
3DM-GX3-25 inertial sensor, a Leica GS10 GPS receiver and a uBlox EVK-6T GPS receiver. It
could be concluded that the proposed method offers a signiﬁcant improvement in position accuracy
for the long period, allowing pedestrian navigation for nearly40 min with mean position error less
than 2.8 m. This method also has a considerable effect on the accuracy of the initialization.
ª 2013 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.
Open access under CC BY-NC-ND license.1. Introduction
Pedestrian navigation using GPS is still a considerable chal-
lenge in areas where GPS signals are either blocked or poorly
received. Even where GPS signals are available, positioning
performance could be signiﬁcantly degraded due to signal82317211.
Q. Zhao).
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27multipath. This adds to the difﬁculty of pedestrian tracking
and navigation even with the use of high sensitivity GPS recei-
ver (HSGPS). Therefore, it is necessary to integrate GPS with
other positioning sensors and systems in order to provide
seamless pedestrian navigation in all environments.1
Meanwhile, inertial navigation system (INS) is typically
identiﬁed as a technology to be combined with GPS when
GPS signal is not feasible. INS is a dead reckoning system
and also an entirely self-constrained system.2 This means that
INS offers a position solution in most pedestrian environments
without the need for any additional infrastructure. However
INS requires initial position and it suffers from high drift rates
which rapidly lead to poor accuracy, particular for low cost
devices. Earlier work has been done to mitigate the INS drift,SAA & BUAA. Open access under CC BY-NC-ND license.
1284 W. Feng et al.as shown in Ref. 3. Other sensors like cameras were used to aid
the INS positioning in urban environments.
Recently, the concept of attaching the INS to the pedes-
trian’s shoe makes low cost INS for pedestrian navigation
feasible.4 This results in the dominant advantage, because
the foot has to brieﬂy be stationary while it is on the
ground. Velocity errors during this period will be returned
to Kalman ﬁlter.5 The zero velocity update (ZUPT) process
could not only correct the user’s velocity, but also help re-
strict the position and attitude errors and estimate the sen-
sor bias errors. Therefore, these repeated corrections to the
INS measurements could control the error growth and min-
imize the position drift.6
Nonetheless, using ZUPT method is still inadequate,
mainly due to the heading drift and the initialization problem.
Firstly, the heading drift in the measurement period will cause
position drift error. Heading drift still remains, despite the use
of ZUPT measurements in Kalman ﬁlter, because the heading
error is unobservable. It is impossible to estimate the heading
error7,8 only with the use of ZUPTs to aid a low cost inertial
measurement unit (IMU). So some innovative algorithms are
required to control heading drift.
The second one is the initialization of the IMU algorithm,
in particular the initial position and heading. For a stationary
IMU, the velocity, roll and pitch can be set, and the estimate of
the gyro biases can be initialized. GPS measurements can be
used to reﬁne the heading solution, if given sufﬁcient dynam-
ics. The ability for the initialization would depend on whether
the user is located in an area where GPS is available, and even
if it is, whether it is accurate. In previous researches,9,10 the
authors have already mentioned the initialization problem
when indoor positioning. So the improvement on initialization
is also the motivation of this paper.
This paper presents a novel algorithm to mitigate the
heading drift and the initialization when using ZUPT for pe-
destrian navigation. The method is developed to aid the
heading measurement by using building layout in Kalman
ﬁlter. The idea is based on the assertion that most buildings
are constructed with a rectangular shape, so the pedestrian
could walk along the building to one of four headings. This
paper explores the issues of integrating a foot mounted INS
with two types of GPS receiver using this algorithm. The use
of high precision real time kinematic (RTK) position solu-
tions are contrasted with low precision estimates from
HSGPS.
The trials are conducted in a mixture of open area, urban
canyon and indoor navigation. Results from real data trials
show the possibility for the novel method that could signiﬁ-
cantly reduce the heading drift. A Microstrain 3DM-GX3-25
inertial sensor is used along with a u-Blox HSGPS and RTK
from a Leica GS10 survey grade receiver. It indicates that
regardless of low precision, the HSGPS approach offers com-
parable performance to the RTK system due to improved
solution.
The remaining parts of this paper are organized as follows.
Section 2 presents the basic techniques of Kalman ﬁlter and
ZUPT. The proposed heading aiding method is described in
Section 3. The trial setup of two GPS position solutions and
the foot mounted IMU is described in Section 4. In Section 5
the results of testing system through open sky, urban and in-
door environments are presented. Finally, conclusions will be
addressed in Section 6.2. Basic techniques of Kalman ﬁlter and ZUPT
The proposed algorithm is based mainly on ZUPT, with errors
controlled by the measurement using Kalman ﬁlter. The ﬂow-
chart of the algorithm is shown in Fig. 1, and the followings in
Section 2 gives a detailed description of Kalman ﬁlter and
ZUPT.
2.1. Kalman ﬁlter
There are a number of algorithms suitable for navigation inte-
gration. Of these, the most commonly used is the extended
Kalman ﬁlter (EKF). EKF is a linearized type of Kalman ﬁl-
ter, which behaves as an INS error control loop system in
the pedestrian navigation.11 EKF linearizes the system model
and the measurement model. It is assumed that the INS errors
propagate linearly, because the time between measurement up-
dates is typically 1.5 s. During this short period, the assump-
tion of linearization should be adequate to model the INS
errors. EKF is chosen primarily because of its efﬁciency. Alter-
native algorithms to EKF have mainly been used to address
the problem of linearization which is required in order to mod-
el non-linear systems in Kalman ﬁlter.12 However, for the
application of centimeter level positioning, the effect of highor-
der nonlinearities are unlikely to have a signiﬁcant impact on
the positioning performance.
2.2. Zero velocity update
ZUPT is one of the main improvements available for pedes-
trian navigation and it is based on the physical property. Dur-
ing walking, the foot has to brieﬂy be stationary while it is on
the ground and at this time the foot does not have any veloc-
ity.13 Therefore, the non-zero velocity measurement from the
IMU during this period is considered as an error, and can be
subsequently corrected. Furthermore if this zero velocity mea-
surement is used in Kalman ﬁlter, as adopted in this paper, it
could not only correct the user’s velocity, but also restrict the
position error. ZUPT is applied during each detected stance
phase of the walking, so the INS errors are allowed to grow
only between these ZUPTs.
It is paramount to recognize the stance phase periods.
There were three detection methods to correctly detect stance
phase, as shown in Refs. 14,15, i.e., the acceleration moving var-
iance, angular rate energy and stance hypothesis optimal esti-
mation. For the stance phase detection used in this paper, the
simple moving average ﬁlter was used with a sliding window 8.
Then the threshold was determined empirically to detect the
stance phase period by using the angular rate method. Fig. 2
shows an example of detected ZUPT during a walk and reveals
that the algorithm is quite reliable.
Nonetheless, there remains the unobservable heading error
that could cause the position drift. Because the heading of the
IMU does not affect the velocity, ZUPT measurements are un-
able to restrict the error. The relationship between velocity
errors and attitude errors in local level frame is shown in
Eqs. (1)–(3):
_dVN ¼ fDeh þ fEeu ð1Þ
_dVE ¼ fDe/  fNeu ð2Þ
Fig. 3 Sample of heading algorithm.
Fig. 1 Flowchart of the proposed algorithm.
Fig. 2 ZUPT detection results.
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where f is the force in the local frame and e/, eh, eu are the roll,
pitch and yaw errors, respectively. During ZUPT, the horizon-
tal forces fE and fN in the local frame are basically zero and
speciﬁc force fD in the downward direction is approximately
close to the negative gravity constant. Therefore, the above
equations show that e/ and eh could result in the velocity errors
_dVN , _dVE and _dVD ; so e/ and eh are always observable. However,
the yaw error eu is only observable by _dVE and _dVN :. In order to
observe eu, the horizontal acceleration should not be zero,
which is impossible when using ZUPT. Therefore, the error
eu becomes the crucial factor of heading drift.
16
3. Building aiding measurements
Building aiding measurements are obtained by extracting the
principle heading of individual building on a map. After that,
the heading measurements will update Kalman ﬁlter. This novel
use will be shown as follows, to signiﬁcantly reduce the heading
drift of the low cost INS and make the initialization efﬁcient.
The algorithm is based on two important assumptions.
Firstly, it is assumed that the pedestrian tends to be con-
strained to a heading direction, which lies parallel to be the
outside of the building.17 Secondly, it is assumed that the dif-
ference between the step and the outer orientation of the build-
ing is the result of heading drift plus some uncertainty resulting
from the pedestrian not walking in a straight line.18 Due to the
acceleration, the heading error is observable through the posi-
tion difference, as heading is used to determine the orientation
of the accelerometer axes. This algorithm will be entirely based
on a simple illustration drawn in Fig. 3.3.1. Identiﬁcation of the step
The algorithm, as shown in Ref. 19, starts by running a
check to determine whether a step has been taken or not.
This is to identify that indeed a walk has been performed,
and is run on every ZUPT epoch. It is performed by com-
puting the step length between current ZUPT epoch and
the previous epoch, assuming that ZUPT has been detected
correctly when the foot is on the ground. Step length d is
computed based on the changes in horizontal position (north
and east)
d ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
d2N þ d2E
 q ð4Þ
If it falls below a certain threshold, the algorithm continues to
the next stage, since the walk has been identiﬁed. Otherwise,
the algorithm will wait for another ZUPT epoch to start again
the identiﬁcation process.
3.2. Computation of the angle
The algorithm continues by making computation of a step
heading direction ustep
ustep ¼ arctan
dE
dN
 
ð5Þ
Fig. 4 IMU measurements setup.
Fig. 5 Equipment setup.
1286 W. Feng et al.The step heading is deﬁned as the angle between two successive
steps and it is calculated at every ZUPT epoch. /step is the
measured step heading; dE and dN are the changes in East
and North.20
3.3. Kalman ﬁlter heading measurement update
The measurement used for Kalman ﬁlter is the heading differ-
ence between step and the orientation of the building. A mea-
surement update is applied by forming the observation
equation as follows:
uerror ¼ ubuilding  ustep ð6Þ
where uerror is the INS heading error, and ubuilding the current
building orientation.
uerror ¼
@u
@e/
@u
@eh
@u
@eu
" #
e/eheu
 T þ nk ð7Þ
where nk is the measurement noise at kth epoch, and it repre-
sents the uncertainties when pedestrian does not walk in
straight lines with respect to building orientations.
4. Field trials
Field trials were undertaken in the University of Nottingham
to test the proposed approach. The ﬁrst trial was walking
around a tennis court, with an RTK system to act as a position
reference, so it was to evaluate the accuracy of the proposed
method. The second trial involved walking around the build-
ings of jubilee campus with the RTK system and IMU. For
the third trial, walking with the HSGPS system and IMU
was undertaken in a typical obstructed environment. The re-
sults are discussed using Google Earth as coarse
approximations.
4.1. Equipment setup
For all trials, the Microstrain 3DM-GX3-25 IMU was used,
with a dimension of 44 mm · 25 mm · 11 mm, weighting only
11.5 g. It incorporates 3-axismicro-electro-mechanical systems
(MEMS) magnetometer on board as well, along with 3-axis
MEMS accelerometers and 3-axis MEMS gyros. As shown
in Table 1, the IMU has typical technical speciﬁcations of a
low cost IMU grade. Its accelerometer bias stability is quoted
as 0.01 g, and the gyro bias is speciﬁed as 0.2 ()/s. The upper
limits of the type of IMU are 1250()/s for angular rotation,
and 18.5 g for the acceleration, which is sufﬁcient for walking
trials, because the typical angular rotation of a pedestrian foot
is from 600()/s to 900()/s, and the acceleration is normallyTable 1 Technical speciﬁcation of IMU.
IMU grade Example Dim (mm) Cost($) G
Navigation Honeywell
CIMU
204 · 204 · 168 100,000 R
5
Tactical Honeywell
HG1700
94(diameter) · 74 23,400 F
Low cost Microstrain
3DM-GX3-25
44 · 25 · 11 2870 Munder 9 g. Although this type of IMU includes magnetometer
as well, only accelerometers and gyros are utilized in this
paper.
For the future real-time use, if walking at a quick pace or
running, the acceleration may be above the IMU potential.
In that case, another type of IMU should be needed, and it
is based on the upper limit of IMU for angular rotation and
acceleration.
The IMU measurements were synchronized with GPS time
using IESSG precise time data logger (PTDL), as shown in
Fig. 4. It incorporates a precise time GPS receiver, which has
a time stamp accuracy of 0.1 ls, and a high speed ﬂash mem-
ory data logger. The data inputs, available through the back
panel connectors, can be logged to the memory card with time
tags aligned GPS time.
Fig. 5 shows the system setup used for ﬁeld trials. The pe-
destrian carried a foot mounted Microstrian 3DM-GX3-25
inertial sensor along with an uBlox EVK-6T low cost GPS re-
ceiver and a Leica GS10 global navigation satellite system
(GNSS) receiver. The uBlox receiver was connected rigidly toyro bias scale error Accelerometer bias scale error
ing laser 0.00355 (()/h),
part per million (ppm)
Silicon 0.05 mg, 100 ppm
ibre optic 1–10 (()/h), 150 ppm Silicon 1–2 mg, 300 ppm
EMS 0.2 (()/h), 2000 ppm Silicon 10 mg, 2000 ppm
Fig. 7 Position difference in tennis court trial.
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connected to a Leica AS10 survey antenna mounted on the
back.
4.2. Initialization
Initial estimates of the IMU pitch, roll and sensor biases can
be obtained using a short period of static data from the
IMU at the start of navigation. The initial position for the
IMU was estimated from GPS, so it is assumed that pedestrian
navigation would start in open sky areas.21 Using heading aid-
ing model, position drift due to heading error was constrained,
and position estimates were propagated in the EKF to update
position, heading and sensor bias. In ﬁeld trial 2 and 3, we
could show the performance of two GPS measurements,
RTK and HSGPS, for initialization.
5. Trail results
Sample paths were chosen to demonstrate the proposed meth-
ods in a variety of environments. Over the course, the pedes-
trian carrying suitable sensor walked through open sky areas
and urban canyons.
5.1. Tennis court trial with RTK reference
The test was conducted with a 40 min normal walk around a
tennis court, as shown in Fig. 6, to verify the accuracy of the
proposed algorithm. The user walked 6 circuits around the
boundary line of the court, and the route was approximately
in straight lines apart from the corners. The RTK system
was used in this trial as a ground reference with the accuracy
of approximately 2 cm.
Fig. 6 shows the comparison of the two trajectories through
Google Earth. The line trajectory represents the integration of
HSGPS and low cost IMU using the proposed approach while
the dot trajectory is the reference trajectory from the RTK
solution. Fig. 7 shows the position difference of the proposed
solution compared to the RTK reference solution. It should be
noted that the difference also includes the non-constant offset
of the IMU moving on the user’s foot relative to the GPS an-
tenna on the user’s back, which is shown by smaller high fre-
quency oscillations. The maximum horizontal difference is
less than 5.3 m with standard deviations of 2.5 and 1.2 m for
North and East, respectively. For the north and east errors,
there are 6 peaks which are equivalent to 6 rounds of walking.
After 40 min in duration and 1800 m in distance, the mean po-
sition error is about 2.8 m, or about 0.15% of the totalFig. 6 Experiment trajectory around tennis court.distance travelled. This is a signiﬁcant improvement in the
use of low cost INS positioning which demonstrates the effec-
tiveness of the proposed algorithm.
5.2. Trials in GPS degraded environments
In environments where the GPS signals undergo multiple
reﬂections and blockage, the RTK position solution is rarely
available. At these moments RTK with INS is operated using
non-GPS based aiding only.
The test walk was undertaken around campus buildings,
close to the walls, so the GPS signals would suffer from reﬂec-
tions. Raw code and carrier phase observation from the Leica
GS10 were logged by the receiver at a rate of 20 Hz.
As shown in Fig. 8, the RTK position solutions are shown
in dots, and the integration trajectory is shown in lines. While
in the open area along the road, GPS availability is good.
However once the route approaches buildings, no further posi-
tion solutions are available and the low cost INS is only aug-
mented with ZUPT by building heading.
In a similar environment, it is likely that the position solu-
tion would be available from an HSGPS receiver, though it
may be in error. In contrast to RTK methods, HSGPS offers
high position solution availability at the expense of low preci-
sion.22 By tracking signals with a low signal to noise ratio, The
HSGPS receiver could offer positions in semi-obstructed envi-
ronments. It also removes the need for the antenna to have an
ideal sky view, so the antenna could be mounted on foot, as
shown in Fig. 5.
In Fig. 9, the HSGPS position solutions obtained on the
trial are shown, the HSPGS measurements are indicated in
dots, while the HSGPS integration solutions with INS are
shown in lines. The availability of the HSGPS receiver is veryFig. 8 RTK experiment trajectory.
Fig. 10 INS initialization results with RTK.
Fig. 12 INS initialization comparison between RTK and
HSGPS.Fig. 9 HSGPS experiment trajectory.
1288 W. Feng et al.good, however when in a deep urban canyon, the accuracy
drops considerably and it is no longer possible to aid the INS.
5.3. Initialization comparison results
At the start of trial 2 and 3, the pedestrian was in an open area for
around 3 min. To examine the use of GPS positions for initializa-
tion, the number of position solutions available was gradually in-
creased and no other GPS positions were used. The maximum
position error over the trial course was then used to quantify the
effect of increasing the number of position solutions.
The results of trial 2 using RTK solutions are shown in
Fig. 10. It can be concluded from the comparison between
solutions with and without heading aiding that heading aiding
has a dominant effect on the accuracy of the trajectory. With
building aiding, the maximum position error drops from 240
to 15 m, while without heading aiding, the error slowly drops
with longer initialization.Fig. 11 INS initialization results with HSGPS.The results of trial 3 using HSGPS solutions are shown in
Fig. 11. Heading aiding also has a dominant effect on the accu-
racy of the trajectory.
In Fig. 12 the results of initialization using RTK and
HSGPS are compared. When heading aiding was engaged,
there is a signiﬁcant drop in maximum position error. It could
also be concluded that there is little difference between the per-
formances of RTK and HSGPS initialization. However
HSGPS based solution will require more than double the num-
ber of positions during initialization.
6. Conclusions
(1) This paper presents a novel algorithm to restrict the head-
ing drift by building layout information for the pedestrian
navigation. The method is on the premise that users are
typically constrained towalk in one of four cardinal head-
ings. The algorithm has been investigated with real ﬁeld
trials. Two forms of GPS position have been engaged,
high precision RTK positions and low precision HSGPS
positions. This paper shows that the estimated position
accuracy is below 5.3 m in 40 min walk and about
0.15% of the total distance. With heading aiding, the
HSGPS approach can offer a position solution with accu-
racy approaching the RTK approach.
(2) Data gathered during trials could demonstrate the effec-
tiveness of the algorithm for the initialization of INS.
When using heading aiding, the initialization would
approach a positioning accuracy of about 15 m in much
fewer positions. It is nearly the same between the perfor-
mances of RTK and HSGPS initialization, except that
HSGPS based solution would require more positions.
(3) Future work would concentrate on restricting heading
drift when stationary or no accelerations. In this paper,
the algorithm trial is on the assumption of walking con-
tinuously without stopping for long periods. If the user
stops or riding on a bicycle, ZUPT would not work dur-
ing this period, so the heading measurements will not be
available. The heading could drift unconstrained, and
the navigation accuracy would deteriorate. Therefore,
the heading restriction method during no acceleration
time should be considered in future.Acknowledgement
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